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Philosophical Magazine 2009, iFirst Limiting factors in the fabrication of microcrystalline silicon solar cells and microcrystalline/amorphous ('micromorph') tandems This contribution presents the status of amorphous and microcrystalline silicon solar cells on glass, and discusses some material/fabrication factors that presently limit their conversion efficiency. Particular attention is focused on recent results and developments at the Institute of Microtechnology (IMT) in Neuchaˆtel. The performances and stability of microcrystalline silicon single-junction and amorphous/microcrystalline ('micromorph') tandem solar cells are discussed, as a function of material properties. Recent results on the electrical effect of cracks in microcrystalline silicon material are presented. Degradation under the effect of illumination is a well-known limiting factor for amorphous silicon solar cells. As a comparison, studies on the stability of microcrystalline silicon with respect to light-induced degradation are commented upon. The importance of transparent contacts and anti-reflection layers for achieving low electrical and optical losses is discussed. Finally, efforts towards industrialization of micromorph tandem solar cells are highlighted, specifically (i) the development and implementation of
Introduction
From a number of aspects, thin film silicon constitutes a promising option for a further cost reduction in photovoltaic (PV) modules. Material requirements are reasonable: no rare or toxic raw materials are used in large quantities, and a lower energy payback time can be attained compared to typical wafer-based PV technology [1] . The development of thin film silicon layers began in the 1960s [2] , leading to solar cells in the 1970s [3] , but was initially limited to hydrogenated amorphous silicon solar cells (a-Si:H) and its alloys with carbon (a-SiC:H) and germanium (a-SiGe:H). Thin film silicon technology has matured to an industrially viable technology over the past 20 years, although its share of the PV market has, to date, remained below 10%. This should increase in the future, with a more than 20% share expected in 2012, thanks to a dramatic increase in the number of thin film silicon module manufacturers. Hydrogenated microcrystalline silicon (mc-Si:H) was first reported in 1968 [4] . It can be produced using the same equipment as a-Si:H; however, it has quite different material properties [5] . For example, it possesses a lower, indirect bandgap of $1.1 eV, which leads to lower open-circuit voltage values and to enhanced absorption in the near infrared part of the solar spectrum. However, due to the indirect bandgap, thicker intrinsic mc-Si:H layers are necessary to obtain sufficient absorption and photogeneration. Also, there are differences in (coplanar) electronic transport, which are limited in mc-Si:H layers by defects present at the boundaries of the crystalline phase, i.e. at the boundaries of crystalline grain conglomerates [6] . For these reasons, it took several years before hydrogenated microcrystalline silicon was employed as an intrinsic photogeneration layer in solar cells [7, 8] . Indeed, mc-Si:H was initially only used for doped layers in single-junction a-Si:H solar cells. In the 1990s, promising, entirely microcrystalline p-i-n (superstrate) and n-i-p (substrate)-type silicon solar cells were fabricated, rapidly reaching initial conversion efficiencies higher than 7% [9, 10] . Alloys of microcrystalline silicon with carbon were also developed at this time [11, 12] . In laboratory tests, the best mc-Si:H singlejunction solar cells currently attain conversion efficiencies in the order of 10% [13, 14] , with a record, confirmed initial efficiency of 10.1% for 2 mm on glass and a cell area of 1.2 cm 2 [15] . On the other hand, the best, confirmed stabilized efficiency for single-junction a-Si:H solar cells is equal to 9.5% for a 1-cm 2 test cell [16] , whereas an initial value of 128.8 W and an expected stabilized output power of $100 W have been presented for 1.4-m 2 a-Si:H modules [17] . The a-Si:H/mc-Si:H tandem solar cell, usually known as a 'micromorph' or 'hybrid', was first introduced at IMT Neuchaˆtel. Initial results were reported in 1994 [18] , and stabilized efficiencies larger than 10% had already been confirmed and reported in 1997 [19] . Currently, stable efficiencies reach values of between 10 and 12% [20] [21] [22] , whereas Kaneka Corp. have announced an initial efficiency up to 14.7% [23] and a best confirmed stable value of 11.7% [24] . This contribution will examine the fabrication and basic properties of thin microcrystalline silicon layers and solar cells. Due to the complexity of the material, many aspects of mc-Si:H are still under investigation, some of which will be presented here. Recent developments in large area industrial R&D systems will be considered. The results of larger deposition rates for mc-Si:H, together with the development of an in situ intermediate reflector for the micromorph tandem, will also be discussed.
Deposition techniques for amorphous and microcrystalline silicon
As opposed to thin film polycrystalline material, amorphous and microcrystalline silicon are deposited at low temperatures ($200 C) from gaseous precursors, typically from silane (SiH 4 ) and hydrogen (H 2 ). A usual deposition technique is plasma-enhanced chemical vapor deposition (PECVD), which commonly takes place in a capacitively-coupled reactor. In such reactors, the plasma is generally excited via an AC signal at a frequency equal to the standard radio frequency (RF) value of 13.56 MHz. By increasing the plasma excitation frequency from 13.56 to $70 MHz (very high frequency, VHF), the deposition rate of amorphous silicon layers can be dramatically increased, as can be seen in Figure 1 , where results of different groups are presented [25] [26] [27] [28] . For microcrystalline silicon, a recent survey by Smets et al. [29] showed that larger deposition rates are also reported for the VHF, compared to the RF regime, particularly when high deposition pressures are used. In addition, by increasing the frequency, one raises the 'powder limit', i.e. the 2 F. Meillaud et al.
maximum power level or maximum deposition rate above which a significant amount of powder is formed in the plasma [27] . With increased plasma excitation frequency, a reduction in sheath thickness and a change in ion bombardment are observed, with a reduction of the maximum energy of ions reaching the growing surface [30] . Furthermore, for constant effective plasma power, an increase in the optical emission line of SiH* radicals is clearly observed with increased frequency values. A direct correlation between SiH* intensity and deposition rate have been reported by Howling et al. [28] , which is attributed to a more effective silane dissociation within the plasma. Thus, SiH* can be used as an indicator of local spatial variation in deposition rates, with a better film uniformity achieved at higher frequencies. Note that at fixed input (not effective) power, a decrease in deposition rate is observed for larger frequencies, which is attributed to a less efficient power coupling within the reactor, a decrease in electron density or depletion of SiH 4 in the feed gas [25, 26] . van Sark et al. [28] showed that the monotonous increase of deposition rate with frequency was justified by surface reactions induced by ion impacts. Indeed, the flux of ions of lower energy increases with increasing excitation frequency, a phenomenon that leads, according to the authors [28] , to a higher density of vacant sites and, hence, a larger deposition rate. Ion bombardment, and its possible detrimental effect on material quality, will also be discussed as a function of deposition pressure for mc-Si:H material fabrication. Indeed, various plasma regimes can be used for mc-Si:H material, one being the high pressure depletion (HPD) regime. In this regime, pressures up to 10 Torr are used with high silane depletion conditions, combined with RF [31, 32] or VHF excitation frequencies [33, 34] . Under such conditions, the deposition rate can be significantly increased to over 10 Å /s, while producing high-quality mc-Si:H cells with efficiencies up to 9.8% [13] . Moreover, single-junction solar cells with efficiencies in the order of 9% have been obtained at rates ranging between 20 and 40 Å /s [34, 35] . 
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Over the years, a large number of deposition techniques other than PECVD have been developed, including (i) the hot wire (HW) deposition technique and (ii) the microwave plasma regime. In the case of HW, the silane gas is thermally dissociated using a metal filament (commonly tungsten or tantalum) heated to temperatures above 1500 C. Since there is no plasma, ion bombardment is completely avoided. This may be a drawback, however, since a certain amount of low-energy ion bombardment is beneficial for microcrystalline silicon growth. Furthermore, deposition temperature control is difficult since the substrate and growing layer are exposed to thermal radiation from the filament. This is especially critical if the substrate is placed near the filament, as is the case when increased deposition rates are desired. In the HW regime, high deposition rates have been obtained for individual layers [36] but higher solar cell efficiencies, up to 9.4%, have been produced only at low rates [37] . The most promising results have, to date, been obtained when combining hot wire with VHF PECVD, with conversion efficiencies up to 8.1% at 12 Å /s [38] . Hot wire can additionally be used as a deposition technique for the buffer layer at the p/i interface in mc-Si:H PECVD solar cells, leading to initial efficiencies up to 10.3% [39] .
In microwave plasma, ion bombardment is reduced compared to standard RF plasma deposition and high deposition rates can also be achieved. Nevertheless, no significant results on exclusively mc-Si:H solar cells have been reported as yet [40, 41] .
3. Thin film silicon material properties 3.1. Structure and defects As previously mentioned, microcrystalline silicon material is typically deposited from a mixture of silane and hydrogen. The silane concentration (SC), defined as the ratio of silane gas flow over silane þ hydrogen flows, i.e. SC ¼ SiH 4 /(SiH 4 þ H 2 ), is a major deposition parameter, directly linked to crystallinity of the layer. Low silane concentrations (typically SC $5-10%) lead to mc-Si:H material, whereas high SC values lead to completely amorphous silicon; the threshold value being unique for each system and each deposition regime. It is possible to deposit mc-Si:H from a pure silane plasma but an amorphous incubation layer is usually formed, lowering the solar cell performances [42] . A more recent study [43] has shown, however, that the amorphous incubation layer can be suppressed by, for example, applying a H 2 flow prior to plasma ignition to suppress SiH 4 back diffusion from the background chamber volume. Efficiencies up to 9.5% could then be reached for single-junction mc-Si:H solar cells.
The evolution of layer crystallinity with increasing hydrogen dilution can be observed microscopically by transmission electron microscopy (TEM) [44] , X-ray diffraction [45] and Raman spectroscopy [46] . Microcrystalline silicon is a very complex material, composed of silicon nanocrystals embedded in an amorphous phase. The nanocrystals, 10-20 nm in diameter, are generally packed into conglomerates with a diameter of 40.5 mm [6] . Due to nucleation properties, mc-Si:H layer growth depends sensitively on the substrate material and underlying layers on which they are deposited. Indeed, the whole growth process depends on crystallinity but also on the chemical nature and even crystalline orientation of the underlying layers [47] [48] [49] .
Once the basic process parameters have been adjusted (power, gas flow, etc., leading to a deposition rate yielding high quality material), an optimum in mc-Si:H
intrinsic layer quality is typically observed for medium crystalline volume fractions c ($40-60%, as determined by Raman spectroscopy with a HeNe laser), as can be seen in Figure 2 both in the initial state and after 1000 h of light-soaking. Here, the reader is referred to a later discussion in this paper about the stability of mc-Si:H. In this case, a series of n-i-p single-junction mc-Si:H solar cells were deposited, for which only the silane concentration of the intrinsic layer was modified. The mc-Si:H material quality was established by Fourier transform photocurrent spectroscopy (FTPS) [50, 51] . Using this technique, one can measure the absorption coefficient of the intrinsic layer for energies ranging 0.6-1.6 eV. The value of measured at 0.8 eV, which is considered to be the defect-related absorption, is taken as an estimate of the density of recombination centers within the bandgap [52] . Note that similar techniques for sub-bandgap absorption measurements, such as the constant photocurrent method (CPM) or photothermal deflection spectroscopy (PDS), are regularly used to characterize amorphous silicon. In this case, defect-related absorption is measured at 1.2 eV [53] instead of 0.8 eV as in mc-Si:H. Electron spin resonance (ESR) may also be used to characterize defects in thin film silicon layers: Baia Neto et al. [54] observed that several types of defects are present in mc-Si:H, some of which could correspond to surface dangling bonds. We hence contend that the optimum observed in Figure 2 for a medium value of c is related to the passivation of defects, present at the surface of the nanocrystals, by the amorphous silicon phase [55] . Such a passivation mechanism of surface defects by amorphous silicon is well known for amorphous/crystalline interfaces [56] and applied in the Heterojunction with Intrinsic Thin Layer (so-called ''HIT'') solar cells, commercialized by Sanyo Electric Co. Philosophical Magazine 5
Growth and cell properties
A mc-Si:H with high material quality (i.e. with low ¼ 0.8 eV and proper crystalline fraction) is, however, not sufficient to ensure good solar cell performance. Indeed, recent studies have demonstrated that additional microstructural defects, growing as cracks, may emerge when challenging substrates are used, such as a highly rough, V-shaped, TCO (transparent conductive oxide) surface [57] . These cracks correspond to zones of porous material. As-grown LPCVD-ZnO is typically a V-shaped material with large, steep pyramids [58] . With this type of substrate, cracks typically appear in the mc-Si:H solar cell at the bottom of the valleys, where pinches are present, as shown in the transmission electron micrograph for a p-i-n single-junction mc-Si:H solar cell deposited on as-grown LPCVD-ZnO (Figure 3a) . Here, the crack, designated by an arrow and appearing as a white line, propagates through the entire active part of the device; sometimes it will propagate through part of the i-layer only. However, thanks to an appropriate surface treatment [14] , the V-shaped features on the LPCVD-ZnO surface can be turned into U-shape features, with suppression of smaller pyramids or asperities and a smoother morphology (the RMS value is thereby decreased from 10 to 25% relatively) ( Figure 3b We have demonstrated in a recent study [61] that the cracks observed in mc-Si:H solar cells could be considered as an additional source of dark current within the solar cell and, thus, as a second diode, added to the electrical equivalent circuit for a-Si:H solar cells introduced by Merten et al. [62] (Figure 4 ). The I(V ) curve for the mc-Si:H solar cell may then be expressed as the sum of all components (superposition principle):
where I diode_1 corresponds to the dark current of a high quality reference cell without cracks, I diode_2 corresponds to the dark current arising from cracks in the solar cell, I rec is the current loss due to recombination through mid-gap defects, I sh are the losses due to Figure 3 . Bright-field TEM cross-section micrographs of mc-Si:H p-i-n on (a) V-shaped and (b) U-shaped substrates, corresponding to the same TCO without (a) and with (b) surface treatment, as presented in [14] . A crack is indicated by the arrow in (a).
shunts and I L is the photogenerated current density. The second diode is defined by (i) a value of the ideality factor n 2 and (ii) a dark current prefactor I 02 . Here, the value of n 2 is equal to 2, such as for a recombination-limited p-i-n-type device, whereas I 02 is the model parameter, which is used to fit the electrical IV characteristics and which will depend on the density of cracks in the intrinsic layer. The dark and illuminated IV curves were fitted using an in-house program (see details of the procedure in [61] ). Estimation of the number of cracks was done over an average TEM cross-sectional length of 50 mm by analysis of adjacent micrographs. The p-i-n single-junction mc-Si:H cells were co-deposited by VHF PECVD at 200 C on the various substrates; the i-layer thickness was $1.8 mm. Two significant results have been obtained: first, a clear correlation between crack density and I 02 was established and, second, the decrease in open-circuit voltage (V oc ) and fill factor (FF) in the solar cells could be directly linked to an increase in crack density, as can be seen in Figures 5a and b, respectively. Optimization of the TCO to be used with mc-Si:H material is hence under intensive investigation and comments will be given later in this paper about light-trapping (Section 4.1).
3.3.
Defects and material stability 3.3.1. Light-soaking During the initial stage of operation, the efficiency of amorphous silicon solar cells decreases due to the Staebler-Wronski effect, first observed in a-Si:H layers in 1977 [63] . After this initial phase of degradation, the efficiency stabilizes at 75-80% of the initial value for a single-junction cell. The light-induced defects created are metastable and lightinduced degradation is observed to be completely reversible under thermal annealing; at temperatures above 150 C, only a few hours are sufficient to revert to the initial parameters. Created defects have been identified as additional dangling bonds that act as recombination centers; the increase in their density is responsible for the decrease observed in the efficiency of a-Si:H solar cells. It is commonly accepted now that the creation of dangling bonds is induced by the energy released when excess carriers recombine. Over the last decades, many models have been developed to explain the creation and annealing of such light-induced defects in a-Si:H, including the bond-breaking model [64] [65] [66] [67] , the dispersive model [68] [69] [70] or the hydrogen collision model [71] . Even though the models differ in some aspects, it is generally assumed that the diffusion of hydrogen plays a major role in the creation and annealing of dangling bonds. 
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On the other hand, mc-Si:H material, as used in the development of the first solar cell, was shown to be fully stable under light-soaking [9, 72] . However, the i-layers had a high crystalline fraction. Complementary studies have demonstrated that with i-layers of medium crystallinity (40-60%), single-junction solar cells suffer from a mild form of lightinduced degradation when exposed to blue or white light [73] [74] [75] [76] [77] . The light-induced degradation is larger for blue light (for constant short-circuit current density) due to a larger absorption in the amorphous phase and at the p-i interface, as discussed by Yan et al. [77] , who additionally observed that mc-Si:H solar cells are fully stable when exposed to red light only. They concluded that only the amorphous phase of the material is responsible for the degradation [77] . The degradation observed under AM1.5 is dependent on the crystallinity of the mc-Si:H intrinsic layer, with a relative loss of efficiencies of up to 15% for solar cells containing intrinsic layers with a low crystalline volume fraction (530%) [76] . However, further studies have suggested that small grains and/or intermediate-range order could also play an important role in the stability of mc-Si:H solar cells [78, 79] . Furthermore, the degradation of the efficiency of solar cells is associated with an increase in defect-related absorption at 0.8 eV, as measured by the FTPS method ( Figure 2 ). It should be noted that, even if mc-Si:H cells with a high crystalline volume fraction of the i-layer (460%) are more stable, their initial and light-soaked values of (0.8 eV) will be larger than those of cells with medium crystallinity. The kinetics of light-induced degradation in mc-Si:H was recently studied to gain further insight into the exact microscopic mechanism behind this degradation effect [80] . It was demonstrated that, similarly to a-Si:H, both the kinetics of defect creation and annealing could be fitted with stretched exponential functions, as used in the dispersive model mentioned earlier. Note that similar kinetics were recently observed for defects present in a-Si:H/c-Si interfaces [81] . Such a stretched exponential function has the form (as given here for annealing):
where N is the light-induced defect density, and are the dispersive parameter and effective time constant, respectively. Figure 6 presents the kinetics for the relative variation in defect-related absorption Á (0.8 eV) (measured by FTPS and defined as Á(0.8eV)(t) ¼ ((t)À initial )/ initial ) in a series of n-i-p mc-Si:H solar cells. We observe, once again, that the defect-related absorption in the highly amorphous sample increases by a factor 4 after 1000 h of light-soaking 
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(AM1.5-like spectrum at 50 C), whereas, in the case of high crystalline fraction, (0.8 eV) remains almost constant.
The degradation and thermal recovery kinetics are slower than most a-Si:H layers, with larger values of the fit parameters (, ), which both depend on the crystalline volume fraction of the intrinsic layer material. We suggest that the stretched exponential kinetics could result from bond-breaking at the nanocrystals surface; the mechanism being mediated by dispersive diffusion of hydrogen within the amorphous phase. However, exact identification of the microscopic nature of light-induced defects in mc-Si:H is still lacking and further investigations with complementary experimental techniques, such as ESR [52, 82] , electrically detected magnetic resonance (EDMR) [83] or photoluminescence (PL) spectroscopy [84] , are necessary.
Chemical contamination
To obtain a sufficiently high value of the external quantum efficiency for mc-Si:H in the red and near-infrared range (800-1100 nm), the level of certain contaminants, such as oxygen or nitrogen, within the intrinsic layer must be kept low. Oxygen may be incorporated into layers through contamination of the feedstock gases and from the reactor walls; it becomes positively ionized and acts as an unintentional dopant. This typically affects the long wavelength part of the external quantum efficiency, where a dramatic loss is observed [85, 86] . Note that nitrogen contamination acts very similarly on the performance of mcSi:H solar cells; the critical contamination level being slightly lower [86] . Figure 7 shows a secondary ion mass spectroscopy (SIMS) profile for a state-of-the art mc-Si:H singlejunction cell deposited in a large area PECVD reactor, indicating that the concentrations of oxygen and nitrogen are below the critical limits given in [86] . Other possible sources for contamination are: (i) air leaks and/or outgassing in the deposition chamber and (ii) in situ plasma cleaning procedures with, for example, SF 6 /O 2 or NF 3 . Finally, contamination may also occur from the doped layers, especially boron, which is used for the p-layer. In the p-i-n configuration, boron may, thus, contaminate the initial part of the intrinsic layer, especially if high deposition temperatures are used [87] or if the deposition of the i-layer is carried out directly in a single chamber system without particular care [88, 89] . Boron contamination affects the carrier collection efficiency at the p-i interface and leads to a reduction in quantum efficiency in the short wavelength range, as well as a loss in open-circuit voltage and fill factor [90, 91] .
Microcrystalline silicon solar cells
In contrast to amorphous silicon, the production of commercial single-junction microcrystalline silicon modules has not received similar attention. However, mc-Si:H is widely used in tandem junctions with a-Si:H (see Section 5). We already mentioned two limiting factors of mc-Si:H, i.e. (i) the bandgap of $1.1 eV that leads to lower open-circuit voltage values and (ii) an absorption coefficient that is larger in the near infrared but lower in the visible range, requiring a thicker intrinsic layer to obtain sufficient absorption (1-2 mm in mc-Si:H versus 0.2-0.3 mm for a-Si:H). Longer deposition times are, thus, necessary and lead to supplementary production costs. This will change if further progress is made towards more efficient light-trapping together with high material quality, and if deposition rates are further increased. Indeed, from a basic low deposition rate of $1-2 Å /s, improvements have already allowed laboratories and equipment manufacturers to develop a first-generation process with typical deposition rates in the range 5-6 Å /s (for parallel plate PECVD), although it is desirable, for long term competitiveness, to reach 10 Å /s. Both light-trapping and deposition rate management will be discussed in the following sections, with the focus on mc-Si:H p-i-n cells.
Light-trapping

Transparent conductive oxides properties
The light management schemes used to reduce mc-Si:H i-layer thickness depend on the type of substrate considered and on the solar cell configuration: p-i-n or n-i-p. In the p-i-n configuration, glass coated with transparent conductive oxide (TCO) is the most common substrate, whereas in n-i-p configuration, flexible substrates, such as plastic foils, can be used, again in combination with various TCOs. For both solar cell configurations, the front TCO has to fulfill two major requirements: (i) high transparency in the useful spectral range to minimize optical losses by absorption (and/or by reflection) and (ii) high conductivity to limit the series resistance of the solar cell. Furthermore, especially in the case of p-i-n solar cells, the front TCO should be sufficiently rough (typical rms values between 50 and 200 nm) to (i) reduce reflections at the TCO/p-layer interface, thanks to refractive index grading, and (ii) increase the optical path of incoming light due to increased optical diffusion. This latter effect is critical for weakly absorbed light (800-1100 nm) that, furthermore, needs to be reflected at the back contact of the device. Multiple scattering at the TCO/silicon interfaces can result in, at least, a five-fold increase in the optical path within the intrinsic layer [92] . Thus, a larger value of TCO surface [14, 94] . In practice, for high efficiency single-junction mc-Si:H cells, two materials are commonly used as front TCOs: indium tin oxide (ITO) for n-i-p mc-Si:H solar cells and ZnO for p-i-n cells. On the other hand, for p-i-n amorphous and micromorph solar cells and modules, a third TCO is widely used: fluorine-doped tin oxide (SnO 2 :F). Here, we will focus on ZnO, which is typically deposited either by sputtering [95] or by low pressure chemical vapor deposition (LPCVD) [58, 96] with aluminum and diborane as the usual dopants. The surface morphology differs depending on the deposition process; sputtered ZnO is basically flat and needs a subsequent treatment (generally by wet etching) to increase its roughness. Via LPCVD, ZnO is rough as-grown, with a wurtzite crystalline structure and a pyramidal growth along the (110) axis, as can be seen from the scanning electron micrograph of the surface of a $3 mm thick LPCVD ZnO layer in Figure 8a . The as-grown pyramidal surface morphology can be modified by applying a subsequent appropriate surface treatment, as shown in Figure 8b . Note that the LPCVD technique is relatively simple, and upscaling of deposition to areas larger than 1 m 2 has already been achieved, with deposition rates greater than 2 nm/s [97] .
The optical transmission of ZnO layers is limited (a) in the short wavelength region and (b) in the near-infrared region because of the optical bandgap of ZnO (3.3 eV) and because of free carrier absorption. Hence, for use of zinc oxide as front contact, a compromise has to be found between the sheet resistance and the optical transmission. The sheet resistance can be reduced by increasing the layer thickness or the doping ratio but, in both cases, the optical absorption then increases. Similar tradeoffs are encountered with other TCO materials and the best way to solve this problem would be to achieve a higher carrier mobility. A possible solution lies in combining different TCO materials, as tested by J. Anna Selvan et al. [98] , or in growing films with lowly doped large grains and high mobility, as reported by J. Steinhauser et al. [99] . 
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Anti-reflection layer at the TCO/Si interface
In p-i-n mc-Si:H solar cells, the incident light is partially reflected at the air/glass, glass/ ZnO and ZnO/silicon interfaces before being absorbed in the intrinsic silicon layer. Using Fresnel equations and assuming flat interfaces with negligible interference effects, a primary reflection of 4% at the air/glass interface, 2% at the glass/ZnO interface and 11% at the ZnO/silicon interface can be estimated. The first two reflections can be minimized with standard industrial anti-reflection coatings (ARC) on glass [100] . As an additional feature, one can use a TiO 2 /ZnO stack as an ARC layer between the TCO and silicon layers, as first proposed by Matsui et al. [101] and recently investigated at IMT Neuchaˆtel [102] . In this last case, the TiO 2 and ZnO layers were both deposited by reactive RF sputtering; the ZnO layer is thin, in the order of 10 nm. The implantation of such an anti-reflection layer in a p-i-n type mc-Si:H solar cell is schematically presented in Figure 9 . Using such a bi-layer ARC, the short-circuit current density of the mc-Si:H cell could be increased relatively by up to 4%. This corresponds to a total reflectance reduction from 10.2 to 6.4% at 550 nm, equivalent to reflectance at the glass interfaces only, as shown in Figure 10 . However, we demonstrate in [102] that for a very rough TCO, which induces an efficient index grading, the effect of the bi-layer anti-refection coating is strongly reduced to near 1%. This can be seen in Figure 10 , where the reflectance of p-i-n single junction mc-Si:H cells is shown for very rough (i.e. with a short surface treatment (ST) time, as presented in [14] ) and less rough (long ST) front LPCVD ZnO.
High deposition rates: developments and fabrication issues
Deposition time currently constitutes a major cost factor in the production of amorphous silicon modules. Because microcrystalline silicon solar cells are substantially thicker than a-Si:H solar cells, deposition times are even more critical. As already indicated, deposition Figure 9 . Schematic structure of a single-junction p-i-n mc-Si:H solar cell with LPCVD ZnO as front and back contact, and implantation of a TiO 2 /ZnO bi-layer as an anti-reflection layer. Refractive index value for each layer is given as an indication.
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times can be lowered by (i) reducing the cell thickness through suitable light-trapping schemes and (ii) increasing deposition rates of mc-Si:H to over 10 Å /s. Following previous studies [103] [104] [105] [106] [107] , a novel microcrystalline process regime for deposition at 10 Å /s, where RF power density is maintained at low values compared to other process regimes [29] , was investigated at IMT Neuchaˆtel. It was observed that by increasing the pressure and silane depletion, microcrystalline material quality could be improved [106, 108] . Higher pressure and silane depletion positively affect material quality under conditions where silane powder production remains negligible, whereas ion bombardment leads to amorphization of the mc-Si:H layer at low pressure and low silane depletion. A significant correlation between intrinsic material quality and solar cell efficiency was observed, and explained in terms of ion bombardment energy [106] . In fact, for reduced deposition pressures, the capacitive sheaths become less collisional, allowing ions with higher energies to impinge on the growing surface, leading to poorer material quality. On the other hand, in the case of higher silane depletion and higher pressure, plasma potential decreases and ion energy is also reduced. The correlation between ion bombardment and mc-Si:H material quality has been observed previously [34, [107] [108] [109] . Figure 11 reviews the results obtained by IMT Neuchaˆtel during the development of various mc-Si:H solar cells [106] : the black dots on the line are solar cell efficiencies obtained under low depletion conditions at different pressures; the grey dots off the line are efficiencies obtained under high depletion conditions (where the ion energy is lower). The studies were performed in PECVD deposition reactors of a substrate size larger than 35 Â 45 cm 2 , at 40.68 MHz, under conditions that allow for subsequent upscaling to areas larger than 1 m 2 . A clear trend can be observed in Figure 11 between deposition pressure and the conversion efficiency of mc-Si:H solar cells. Additionally, it is shown that increasing silane depletion at a given pressure (here 1.2 mbar) dramatically improves solar cell efficiency under conditions where powder formation is unimportant. At 2.0 mbar, powder formation became an issue in PECVD reactors and modifications were necessary to reduce it. To date, the best mc-Si:H cell efficiency obtained is 7.0% for a deposition rate of 12 Å /s and an 14 F. Meillaud et al.
i-layer thickness of 1.2 mm. Further improvements in the plasma regime and mc-Si:H material quality are necessary to increase conversion efficiency, while maintaining a high deposition rate in a reactor of relatively large area. As will be seen in the next section, the utilization of such mc-Si:H cells in a tandem a-Si:H/mc-Si:H have already led to a promising initial efficiency value of 10.5% on 1.2 cm 2 [110] . These developments need to be implemented in larger area systems (41 m 2 ) and mc-Si:H layer uniformity checked. Indeed, it has already been demonstrated that good thickness and crystallinity homogeneity can be obtained on areas ranging from 1.4 m 2 [17] to 4.4 m 2 [111] , but the situation is unclear for regimes with high deposition rates.
Microcrystalline/amorphous ('micromorph') tandem solar cell
Tandem and triple-junction solar cells are extensively used in amorphous silicon technology to obtain higher stabilized efficiencies than those attainable with singlejunction solar cells. Tandem solar cells are especially attractive if the bandgap of each component cell can be properly adjusted. For amorphous silicon/amorphous silicongermanium tandems, the major limitation concerns a further reduction in the bandgap, while maintaining good material quality and low value of light-induced degradation. On the other hand, microcrystalline silicon possesses a low bandgap value of $1.1 eV, which, together with the 1.7-1.8 eV of a-Si:H, forms, in principle, an optimum combination for tandem cells [92] .
In micromorph tandems, the thickness of the top a-Si:H cell has to be kept sufficiently thin to minimize the impact of light-induced degradation and its current, therefore, generally limits the current of the whole tandem device. The top amorphous cell displays major degradation, whereas the bottom mc-Si:H cell can be considered fully stable [112] since it is exposed to a lower illumination and, hence, lower recombination rate. To Figure 12 .
The use of such an IRL in the a-Si:H/mc-Si:H tandem was previously proposed by IMT Neuchaˆtel in 1996 [113] . For a layer to act as an intermediate reflector, its refractive index must be lower than that of silicon to ensure light reflection at the interface. Moreover, the intermediate reflector must be sufficiently conductive to avoid electrical losses, but also as transparent as possible to minimize the absorption of light outside the active PV layers. Zinc oxide was first used [114, 115] as material for intermediate reflectors, but it has two major drawbacks for further industrialization: (i) it is deposited ex situ (not in the same reactor as the silicon layers) and (ii) an additional laser scribe is necessary for monolithic series interconnection to avoid lateral shunting of the segments. The development of an in situ intermediate reflector was presented by Yamamoto et al. [116] and fabrication of SiO-based intermediate reflectors has recently been reported under laboratory conditions [117, 118] . Using such a SiO-based IRL and an anti-reflection coating on glass, a very high short-circuit current density value (J sc ) of 13.8 mA/cm 2 was obtained by IMT Neuchaˆtel in the top a-Si:H cell of a micromorph tandem cell with an i-layer thickness of 340 nm. Such a high J sc value yielded a 13.3% initial conversion efficiency for the 1.2 cm 2 micromorph test cell [21] .
In trials towards micromorph industrialization, a similar SiO-based IRL was developed directly in a large area KAI-S reactor, leading to a complete single-chamber process for the tandem. To date, a best initial conversion efficiency of 10.5% has been achieved with a mc-Si:H bottom cell of 1.8 mm deposited at 10 Å /s; the electrical characteristics are given in Figure 13 . The short-circuit densities are matched with 11.4 mA/cm 2 in the top cell and 11.3 mA/cm 2 in the bottom cell. Further improvements will have to be made regarding other cell parameters (V oc , FF) and, more particularly, V oc , which should be increased to values near 1.40 V. 
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The optimization of micromorph tandem cells is not an easy task since the stability of the tandem (and also the temperature coefficient) depends on which of the two partial cells is limiting the short-circuit current density (J sc ): the latter can be (i) limited by the top a-Si:H cell, (ii) limited by the bottom mc-Si:H cell or (iii) initially matched (both top and bottom cell current densities are equal). The first case is often avoided because it is expected to lead to larger light-induced degradation, although it was shown that this configuration could be more efficient in outdoor conditions due to differences in the spectral irradiance ratio and module temperature [119, 120] . In the bottom limited case, the tandem tends to be matched after degradation, whereas the initially matched case will become top limited after degradation with a lower short-circuit current density, but possibly a higher FF value. Furthermore, indoor and outdoor testing may differ in the electrical conditions of light exposure performed under open-circuit conditions or at the maximum power point. Note that cells and, more particularly, modules should be designed ideally for optimal performance under given (usual) outdoor conditions (i.e. maximum number of annual kWh) and not for optimal stability under 'artificial' test conditions. Finally, we advise that, although progress is needed in the fabrication of silicon layers (new plasma regimes with high deposition rate and high quality) to further increase conversion efficiency of microcrystalline silicon and micromorph cells and modules, the development of new, optimum TCOs is also necessary. The ideal TCO should allow for efficient light-trapping while leading to crack minimization and, hence, very high solar cell performances (V oc , FF), such as typically obtained on flat substrates. By combining all these factors with anti-reflection layers and intermediate reflectors, stable efficiencies in the order of 13-14% should be achieved for micromorph tandem cells (with, for example, V oc ¼ 1.42 V, FF ¼ 71%, J sc ¼ 13.5 mA/cm 2 ) instead of 11-12% as present. Philosophical Magazine 17
Conclusions and prospects
Thin film silicon solar cells, both in amorphous and microcrystalline form, present the major advantages of (i) being based on abundant and non-toxic materials, (ii) allowing for low-temperature fabrication processes and (iii) having energy payback times much lower than those obtained for crystalline wafer-based silicon solar cells. Thin film silicon is, thus, a very promising material, with the potential of reaching lower module costs in terms of $/W p or E/W p . Further cost reductions will be based on the assumption that larger deposition rates can be achieved, especially for microcrystalline silicon; thus, reaching higher machine throughputs. Indeed, the deposition time of mc-Si:H is now a key factor for its industrialization. As opposed to a-Si:H, mc-Si:H basically has the advantage of not being very sensitive to light-induced degradation, which leads to higher stabilized conversion efficiencies. At present, the optimum use of mc-Si:H is in combination with a-Si:H in micromorph tandems, where stable efficiencies above 11% have been obtained in the laboratory. At the moment, the main research priorities for thin film silicon solar cells are focused on reducing the cost of mc-Si:H by increasing the deposition rate and decreasing the thickness of the intrinsic layer. The latter parameter requires the development of better light-trapping schemes through (i) improved and/or new TCOs that allow for efficient light-trapping and good 'crackless' growth properties, (ii) further progress in the properties and fabrication of anti-reflection layers and intermediate reflectors. New materials also need to be developed for triple junction cells and modules: basically, a stable material with an appropriate intermediate bandgap value in the range of 1.5 eV, while avoiding the use of germanium.
